Abstract. Although invasion has long been recognized as an important ecological process, there are very few experimental studies of invasion in natural communities and virtually no studies that determine how trophic structure affects the probability of invasion. We introduced novel protozoans and rotifers into the natural communities found in the water-filled leaves of the pitcher plant Sarracenia purpurea. The communities were manipulated in a factorial design of removal of predators (larvae of the mosquito Wyeomyia smithii) and addition of resources (dead insects). Three of the six protozoan species successfully established populations when introduced into pitchers, suggesting that these species are migration limited. The other three protozoans and a rotifer did not successfully invade established communities, although all four are naturally found in these inquiline communities. Of the three successfully invading protozoans, two were more likely to invade when resources were added and one of those even more frequently when predators were removed. Invasion by the third was unaffected by these experimental manipulations. Similar effects of predators and resources were found on population sizes of these three species. This study is one of very few that have addressed invasion experimentally; its results suggest that a variety of factors, including migration, predation, and resource availability, can have different influences on invasion by fairly similar protozoans.
INTRODUCTION
Invasion by alien species has increasingly been recognized as one of the major worldwide environmental problems of the last century. ''Invasion,'' or migration of new species into local communities, can also be important for community development (e.g., succession, Connell and Slatyer 1977) and for community structure and composition (MacArthur and Wilson 1967 , Ricklefs and Schluter 1993 , Loreau and Mouquet 1999 . Ecologists know remarkably little, however, about what factors facilitate or prevent invasion, in part because of the dearth and difficulty of experimental studies.
Most of our current knowledge of this process comes from either observational or theoretical studies. Observational studies have focused on identifying traits that are common to successful invasive species (Newsome and Noble 1986 , Noble 1989 , Perrins et al. 1992 , Veltman et al. 1996 . It has frequently been assumed, for example, that successful invasive species will have traits of ''weedy'' species (Baker 1974) , such as rapid growth to reproductive age, high offspring production, and potential long-distance dispersal of propagules. It has proven difficult, however, to categorize successful invasive species by any unique set of traits (see, e.g., Newsome and Noble 1986, Lonsdale 1994) . Theoretical approaches have emphasized traits of communities that affect the probability of invasion, rather than traits of invasive species. This work has largely developed from Elton's suggestion that resistance to invasion is correlated with species number (Elton 1958, Levine and D'Antonio 1999) , an idea that is certainly consistent with, if not drawn from, the niche concept. Several theoretical models have proposed a negative relationship between the probability of successful invasion and species richness or between the probability of successful invasion and the intensity of species interactions (Case 1990 , Cornell and Lawton 1992 , Morton and Law 1997 . In these models, the dominant force limiting invasion is competition for resource niches, and current occupants are generally viewed as having a competitive advantage. Successful invaders must generally displace current species or use empty or underused niches.
Although several studies have investigated invasion using laboratory microcosms (e.g., Robinson and Dickerson 1984) , very few studies have used controlled experimental introductions of species into natural communities (see Levins and Heatwole 1973) . Several studies have investigated the effects of native species richness on invasion of natural communities, with contradictory results. Whereas some studies found that species richness decreased the probability of successful invasion (e.g., Tilman 1997 , Stachowicz et al. 1999 , others found no effect of richness (e.g., Peart and Foin INVASION SUCCESS AND COMMUNITY STRUCTURE 1985) or even a positive effect of species richness on invasion (e.g., Robinson et al. 1995) .
The effects of resource levels on invasion have also been studied. Burke and Grime (1996) studied invasion over gradients of soil disturbance and fertilizer application and found that fertilizer did increase the biomass of invasive species, although only at higher levels of soil disturbance. A similar pattern was found by Huenneke et al. (1990) , who manipulated nutrient availability in serpentine grasslands and observed the influence on invasion.
Virtually no experimental evidence addresses how predators, rather than competitors, affect the probability of successful invasion by potential prey (see Levins and Heatwole 1973 , Baltz and Moyle 1993 , Schoener and Spiller 1995 . Classic ecological theory suggests that predators could have two opposite effects on the invading species. Direct predation could result in negative effects of predators on invaders, preventing or slowing the rate of invasion. On the other hand, indirect effects (e.g., keystone predation) could result in positive effects of predation on invasiveness (Holt 1977) . We know of a single manipulative study on this subject: lizard predators were found to impede the establishment of spiders on islands (Schoener and Spiller 1995) .
We have manipulated both the presence of predators and levels of resources (dead insects) in the small aquatic communities found in the leaves of the carnivorous pitcher plant Sarracenia purpurea L. We then introduced novel pitcher-plant protozoans into these communities and quantified their success as a function of community structure to determine whether the occurrence of these species was limited by migration. Where species were successfully established, we quantified the effects of predation and resource availability on invasion probability and invader abundance. A strength of this experimental approach is that it quantifies effects of both trophic structure (the presence of predators) and habitat characteristics (resource levels), as well as their interaction, on invasion success.
MATERIALS AND METHODS
Our experiments were conducted in a bog located in a large savanna surrounded by longleaf pine forest 3 km north of Sumatra, Florida, USA. The field contains hundreds of Sarracenia purpurea individuals, in a mixed grassland with Aristida stricta and a number of other insectivorous species, including S. flava, S. psitticina, Drosera capillaris, and several Pinguicula species. Individuals of S. purpurea generally have 3-12 cup-shaped leaves, each of which holds up to 50 mL of rainwater and serves as a trap that captures a number of different invertebrates, including ants, worms, and spiders. These prey are thought to provide important nutrients for the plant in nutrient-poor bogs.
The inquiline community found in S. purpurea leaves has been described elsewhere (Addicott 1974 , Harvey and Miller 1996 , Cochran-Stafira and von Ende 1998 and will be described only briefly here. In northern Florida, it frequently includes larvae from two dipterans, the mosquito Wyeomyia smithii and the chironomid Metriocnemus knabi, both obligate pitcher-plant inquilines. Metriocnemus knabi feeds directly on drowned prey captured by the leaf (Heard 1994) , whereas W. smithii is a filter-feeder, thought to feed on rotifers, protozoans, and possibly bacteria. The bdelloid rotifer Habrotrocha rosa (Bateman 1987) can be very abundant in pitchers and has been shown to be important for nutrient dynamics within pitcher communities (Bledzki and Ellison 1998) . Histiostomatid mites, Sarraceniopus gibsoni (Nesbitt), are also frequent residents in many pitchers (Fashing and O'Connor 1984) , as are occasional copepods and cladocerans. Less is known about the protozoans and bacteria found in S. purpurea Cameron 1989, 1991) , although these species clearly make up the resource base for higher trophic levels in the community (Cochran-Stafira and von Ende 1998, Kneitel and Miller 2002) . Both protozoans (L. Gensel and T. E. Miller, unpublished manuscript) and bacteria (Harvey and Miller 1996) are nonrandomly distributed among pitchers, presumably because of strong species interactions.
The ambient abundances of the species in this study can be highly variable (Harvey and Miller 1996) ; values noted here are from personal observation from the spring of 1999. Mosquito-larva densities averaged 5.0 individuals per pitcher, but other dipteran larvae were largely absent until early summer. Pitcher volume depended on recent rainfall and ranged from 2 to 18 mL (mean 8.0 mL). Protozoan densities can vary with species, but total densities averaged 90 individuals/mL. Rotifers can be equally abundant, at 111 individuals/ mL. Bacterial abundance was also variable, commonly in the range of 10 5 -10 7 cells/mL. Prey found in northern Florida pitchers included ants (mostly Solenopsis invicta), along with a variety of spiders and other invertebrates.
The mechanism by which protozoans and rotifers migrate naturally among communities is unknown, but they are generally thought to have high potential for dispersal (Maguire 1977) . Harvey and Miller (1996) found greater similarity in bacterial community composition among leaves on the same plant than among leaves on different plants, consistent with decreasing migration with increasing distance. Potential mechanisms for such dispersal may include splashing from nearby pitchers during rainstorms, droplets of water carried on insects or other organisms that may move from pitcher to pitcher (Maguire 1963 , Revill et al. 1967 , Schlichting and Sides 1969 , and cysts dispersed by the wind.
We manipulated communities in the field by varying the abundance of the top predator, W. smithii, and the abundance of basal resources for the community, invertebrate prey of the pitcher plant. These communities were then inoculated with a mixed assemblage of protozoans. The experimental design was factorial, including two levels of mosquitoes (0 and 5 individuals per pitcher), two levels of resources (no addition and addition of 1/2 a sterilized mealworm), and two inoculation states (inoculated and control) in 6 blocks with one replicate per block (2 ϫ 2 ϫ 2 ϫ 6 ϭ 48 communities). Treatments were implemented in healthy, water-filled leaves of separate plants and were randomly assigned to leaves within blocks. From setting up of the treatments through the end of the experiment, except during actual sampling, all pitchers were covered with white bridal-veil material to minimize uncontrolled arrival of mosquitoes or prey. The assemblage of species used for inoculation in this study was obtained from several pitcher plants that had been transplanted from the Sumatra area to outdoor pools in Tallahassee, Florida, two years earlier. These plants harbored protozoan species and rotifers typically found in natural inquiline communities, albeit at somewhat higher densities. The high abundances may be related to the loss of mosquitoes from these transplanted populations. The protozoan species have been tentatively identified to genus, where possible (Table 1) , according to Patterson (1996) . These species are known also to occur in the Pleaphase Savanna, although they are relatively rare in mid-spring, when this experiment was initiated. Virtually all of these species are bacteriovores that feed on suspended material, although some may also graze on attached bacteria (Colpidium, Colpoda, H. rosa) .
We inoculated pitchers by transferring ϳ0.05 mL (one drop) of this assemblage into appropriate leaves at the beginning of the experiment and then followed the subsequent abundances of these species in all pitchers. This artificial dispersal mimics splashing from nearby pitchers or the movement of droplets by animal vectors. To determine the numbers of individuals being transferred by this method, we censused three replicate drops (Table 1 ). The abundances of the transferred species varied by two orders of magnitude, but each drop should contain representatives of six protozoan species and the rotifer, H. rosa. The small chance that some of the rare species were not transferred into all pitchers would have been independent of treatment.
One-half of the communities were inoculated on 6 April 2000; then all communities were sampled 2, 4, 6, 10, and 14 d later, which conservatively represents over 50 generations for protozoan population growth. Before inoculation and at each subsequent sampling date, the entire fluid contents of the pitcher were gently mixed, removed with a sterile pipette, and censused for mosquitoes. We adjusted mosquito abundances where necessary at each sampling date by removing extra individuals. A small amount of the mixed fluid (ϳ1 mL) was reserved from each pitcher and returned to the laboratory to be censused for protozoans and rotifers. The remaining fluid was then replaced in the original pitcher, and the bridal veil cover was replaced. At final sampling, the entire contents of the pitchers were removed and censused for mosquitoes, cladocerans, mites, rotifers, and protozoans. Censuses for protozoans and rotifers were conducted with a hemacytometer under a microscope at 125ϫ. Two counts were taken for each sample, then summed. Bacterial abundance was determined on the final census date. Fluid from each community was serially diluted to 10 3 and 10 5 with a saline buffer. Luria agar plates were then used to plate 0.1 mL from each dilution, and all bacterial colonies were counted after 72 h of incubation at 26ЊC.
Because the data are right censored, the Kaplan Meier Survival platform of the statistical discovery software JMP (SAS Institute 1996) was used to determine the inoculation success of each species. In this analysis, a community ''survives'' if it remains uninvaded by species from the inoculum, and the ''survival'' patterns (numbers of uninvaded communities) through time of different treatments can be compared. The survival functions were generally best fit by a Weibull distribution, although other distributions and nonparametric product-moment methods gave similar results. On the assumption of the Weibull distribution, the inoculated and control communities were compared INVASION SUCCESS AND COMMUNITY STRUCTURE by means of an iterative maximum-likelihood regression, and the likelihood ratio was evaluated by means of a chi-square statistic. If a species was shown to invade the pitcher communities successfully, then a second model, using data only from the pitchers that were inoculated, was applied to test the effects of mosquitoes, prey addition, and their interaction on the probability of invasion. The effects of mosquitoes and prey on the abundances of the successful invaders through time were tested with repeated-measures ANOVA (SAS Institute 1990) on log-transformed abundances of protozoan species that successfully invaded the experimental communities. In all tests, the assumption of compound symmetry was rejected (Mauchley's test, P Ͻ 0.001), so a Hunyh-Feldt test was used to determine whether the symmetry assumption could be relaxed (Potvin et al. 1990 ). Violation with Bodo results was mild, but the chrysomonad and Cyclidium results should be interpreted with caution. The effects of treatments on log-transformed bacterial abundances from the final census were evaluated by a two-way ANOVA with main effects of mosquitoes, prey addition, and their interaction.
RESULTS
Most of the pitcher plants used in this study remained healthy during the period of the experiment, developing flower buds and beginning to produce new leaves. A single control community was damaged during sampling on day 10 and was deleted from subsequent analyses. Of the potential invading species, all but Species A appeared in low abundances in control pitchers during the course of the experiment; because these species are unlikely to have come from our covered-treatment pitchers, their appearance in controls confirms that they occur normally in this habitat.
Three of the six protozoan species in our inoculate successfully invaded communities: Bodo, the chrysomonad, and Cyclidium were all found significantly more frequently in inoculated than in control pitchers (Table 2) . Bodo was the most successful invader (Fig.  1A) , appearing in 10 of the 24 inoculated pitchers two days after inoculation (as opposed to 1 of 24 control pitchers). By the end of the experiment, Bodo had become established in 19 of the 24 communities. In contrast, the chrysomonad and Cyclidium had become established in 11 and 6 communities, respectively, after 14 d (Fig. 1B and C, respectively) . Colpidium, Colpoda, and the rotifer, Habrotrocha rosa, were found in a limited number of the experimental pitchers, but their occurrence was not a function of the inoculation treatment (Table 2 ). Species A was never found during the course of the experiment.
The effects of mosquitoes and resource additions on the establishment of Bodo, the chrysomonad, and Cyclidium were quantified on the basis of data from the inoculated communities only. The number of communities successfully invaded by Bodo was higher both when mosquitoes were absent and when resources were added (Table 2 , Fig. 1A) ; no significant interaction was apparent between mosquitoes and resources. Chrysomonad invasion was only marginally significantly higher when resources were increased and was unaffected by mosquitoes (Table 2, Fig. 1B ). The rate of Cyclidium invasion was not affected by mosquitoes or resources (Table 2 , Fig. 1C) .
Abundances of the successful invaders were also found to vary with treatment. As with invasion probability, Bodo abundances were higher in the absence of mosquitoes and the presence of added resources (Table 3, Fig. 2A ), but the effects of mosquitoes and resources appear less than additive, as indicated by the marginally significant interaction term (P ϭ 0.058). Chrysomonad abundance was marginally higher with resource addition but was not affected by mosquito removal (Table 3, Fig. 2B ). Cyclidium abundance was not affected by resource addition or by mosquitoes (Table 3, Fig. 2C ).
Bacterial abundance was significantly greater when mosquito predators were present (F ϭ 4.16, P ϭ 0.04, df ϭ 1; Fig. 3 ) but was not significantly affected by the addition of prey (F ϭ 2.35, P ϭ 0.13, df ϭ 1). The effects of predators and resources did not interact significantly (F ϭ 0.513, P ϭ 0.48, df ϭ 1).
DISCUSSION
We conclude that the distributions of three of the protozoan species we introduced into the aquatic communities in pitcher-plant leaves are limited by dispersal. Distribution of the remaining three protozoans and the rotifer species are affected by other factors not manipulated in this experiment. The successfully invading species established large populations after relatively few individuals were experimentally introduced. Clearly, successful invasion in this experiment involved population growth within pitchers and not rescue effects (Brown and Kodric-Brown 1977) or ''sink'' dynamics (Holt 1993, Loreau and Mouquet 1999) .
Invasion success in the pitcher-plant communities depended on resource availability, predator presence, and the identity of the potential invader. Frequency of invasion by Bodo and the chrysomonad was increased by addition of dead prey to the pitchers. The increased invasion success of protozoa may be due to the increased bacterial abundances that are known to occur when dead prey are added to pitchers (Kneitel and Miller 2002) ; similar effects of resource addition on invasibility have been demonstrated in terrestrial plant communities (Huenneke et al. 1990, Burke and Grime 1996) . Although bacterial densities tended to be higher when resources were added, we found no significant effect of resource addition on bacterial abundance on day 14 (Fig. 3) . Although bacterial productivity may be increased, the correlated increase in protozoans and rotifers may keep standing abundances of bacteria low (Kneitel and Miller 2002) .
Further, the invasion success of Bodo was also increased by the removal of predatory larvae of the mosquito Wyeomyia smithii. Mosquito larvae are generalist feeders that have been shown to affect protozoan abundances in pitcher communities (Addicott 1974, Cochran-Stafira and von Ende 1998) . The presence of predators did result in an increase in bacterial abundance (Fig. 3) , which may arise from a trophic cascade that results when mosquitoes reduce the abundance of protozoans. The third successful invader was apparently limited by migration; manipulation of predators and resources had no effect on the invasion success of Cyclidium. Therefore, successful invasion sometimes depends on characteristics of the habitat, consistent with theoretical predictions of invasibility based on habitat characteristics (e.g., Case 1991), and sometimes depends only on characteristics of the invading species, as observational studies have suggested (e.g., Noble 1989).
Initial density of species in the inoculum may affect invasion success. Bodo and the chrysomonad, the most abundant species in the inoculum, were the most successful invaders, but Cyclidium, the third successful invader, was relatively rare in the inoculum.
The source of the invaders may also affect invasion success. In this case, all the potential protozoan and rotifer invaders were species that had previously been found in this bog. The source communities for the inoculum, transplanted pitchers in outdoor pools in Tallahassee (Florida, USA), lost their mosquito populations soon after they were moved to Tallahassee. This loss of a major predator of protozoans may be what now allows high protozoan and rotifer densities.
Interactions in pitcher-plant leaves occur at two distinct scales. At the local, within-leaf scale, species interactions such as competition and predation may strongly affect local diversity and the relative abundance of species. At the among-leaf, or regional, scale individual leaves represent long-term habitats relative to the generation times of the inquiline organisms, but eventually all leaves die. Component species must therefore be able to disperse among these ephemeral habitats, and migration must also play a role in determining both local and regional patterns of diversity. The species in our study demonstrate the importance of both local and regional processes and the distinction between them. This result is consistent with the findings of both Stohlgren et al. (1999) and Levine (2000) , who suggest that processes at different spatial scales can have significant and very different effects on invasion processes. The ability of organisms like Bodo and the chrysomonad to colonize new leaves is limited both by their ability to disperse and by local processes related to predation and the availability of resources. In contrast, Cyclidium was limited only by dispersal; it was apparently unaffected by our manipulations of local species interactions. Local and regional processes thus vary in importance, depending in part on individual species characteristics. The factors limiting the three other protozoans and the rotifer, Habrotrocha rosa, were not revealed by the present study. Clearly, these species are not solely limited by migration, but may be limited by uninvestigated local factors such as the presence of particular prey species or levels of prey abundance.
The present study is one of the first manipulative studies of invasion in aquatic communities and one of the first to manipulate directly the presence of natural predators simultaneously with the abundance of resources. The different limiting factors and effects of scale for different species that we demonstrate are consistent with our general theoretical understanding of metacommunity dynamics. Both local and regional factors are expected to limit species abundances and distributions, and these factors are expected to differ in relative importance for different species. Species easily suppressed by competitors or predators may persist through continuous and widespread dispersal to new habitats (Hutchinson 1961 , Levins and Culver 1971 , Caswell 1978 . Such species will be greatly affected by species interactions at the local scale. Other species, which dominate in local species interactions, may be limited by the ability to disperse to new habitats. The present study can also be interpreted in light of ''assembly rules'' (see, e.g., Drake 1991, Weiher and Keddy 1999) , in that the current composition of the community can affect later successional patterns.
The probability of successful invasion therefore depends on local characteristics like resource availability and species interactions, regional processes like dispersal, and the characteristics of potential invaders. Other factors may also be important for determining invasion success, such as the timing (see, e.g., Martins and Jain 1979) or number of invasions (Veltman et al. 1996, Loreau and Mouquet 1999) . Our next step is to determine how the balance among these factors determines patterns of diversity at different scales, from local to regional, and to attempt further elucidation of the biological mechanisms behind these patterns.
